Natural regeneration comprises different sub-processes, each of them driven by specific 36 climatic and stand-related factors, which determine the success of natural regeneration. The 37 objective of this study was to investigate the seed availability of maritime pine. To meet this 38 objective seed rain was monitored for four different levels of stand density at the experimental 39 site of Cuéllar, Spain, during a ten-year period. A generalized linear mixed model was fitted 40 to test the effects of climatic variables and stand density on the annual seed production and 41 seed rain. The climatic covariates were chosen among those thought to affect the key 42 physiological phases governing these sub-
It is well established that natural regeneration methods contribute to effectively and 56 economically perpetuate natural ecosystems in the long term (Barnes et al. 1998) . As a 57 result,silviculture treatments that favour natural regeneration are one of the main issues in 58 sustainable forest management, especially in Mediterranean forests, where disturbances like 59 fire or grazing may cause erosion and extreme climatic conditions can compromise natural 60 regeneration success (Scarascia-Mugnozza et al. 2000) . 61
Natural regeneration consists of different sub-processes such as seed production, seed 62 dispersal, seed storage and predation, seed germination and establishment. Multiple factors 63
can affect each one of these sub-processes, and may determine natural regeneration success. 64
Consequently, it is crucial to identify these factors and determine their influence on the entire 65 process (Price et al. 2001) . 66
Seed production and dispersal are particularly relevant in natural regeneration since they 67 initiate the whole process. Seed dispersal directly depends on the amount of seeds produced, 68 the availability of appropriate dispersal agents and the maximum distance over which seeds 69 can be dispersed (Price et al. 2001) . In addition, these sub-processes have been reported to 70 play a major role in seedling spatial distribution sothey are widely considered as key 71 processes to understand forest dynamics (Dovcǐak et al. 2005; Nathan and Muller-Landau 72 2000) . 73
Maritime pine (Pinus pinaster Ait.) is a western Mediterranean species of great economic, 74 ecological and aesthetic value. This is especially true for the Castilian Plateau in central 75
Spain, where this species covers more than 114 000 ha, which represents about 7.5% of the 76 species' European distribution. In Spain, Pinus pinaster natural regeneration has been studied 77 in post-fire conditions (Calvo et al. 2007; Fernández et al. 2008; Vega et al. 2009 Vega et al. , 2008 and 78 D r a f t 5 in natural stands not affected by serious disturbances (González-Alday et al. 2008; Miguel 79 Pérez et al. 2008; Rodríguez-García et al. 2011 Ruano et al. 2009; Del Peso et al. 80 2012) . Studies in natural stands have focused on the Castilian Plateau's stands. Although 81 some authors suggested that natural regeneration of Pinus pinaster was overall sufficient in 82 this region (Miguel Pérez et al. 2008) , a large array of conditions has been reported: from 83 scarce or even null (González-Alday et al. 2009; Ruano et al. 2009 ) to excessive regeneration 84 (Rodríguez-García et al. 2008) . The ecological and silvicultural factors behind this variability 85 remain unclear, their study being hindered by the lack of long-term monitoring data (Bravo et 86 al. 2012 ). The knowledge of interannual Pinus pinaster seed rain pattern and the contribution 87 of this sub-process to regeneration success or failure are particularly poor. 88
The study of seed dispersal in the Mediterranean basin has traditionally focused on the spatial 89 patterns of different species: Pinus pinaster (Juez et al. 2014) ; Pinus pinea (Manso et al. 90 2012) , Pinus halepensis (Nathan and Ne'eman 2004) , Abies alba and Fagus sylvatica 91 (Sagnard et al. 2007) . Surprisingly, the effect of climate on seed production, which may 92 determine seed rain temporal dynamics, has been overlooked. Currently, there is increasing 93 agreement on the critical influence of climate on the key physiological stages of cone ripening 94 in coniferous species, either limiting or boosting seed production (Calama et al. 2011; Keyes 95 and Manso 2015; Mutke et al. 2005) . 96
Although there is no evidence yet, this may also be the case for Pinus pinaster, given the two-97 year cone maturation period and the harsh climatic conditions of the Castilian Plateau. More 98 specifically, flowering occurs in spring of the first year, leaf buds emerge in April and female 99 strobili develope in May; cone growth typically takes place after the first summer; and final 100 cone ripening occurs by the second autumn. Seed are dispersed over spring and summer 101 immediately after completion of ripening (Auñón and Tadesse 2000; Rodríguez Soalleiro et 102 al. 2008) . 103
The main objective of this study was to quantify the effect of climate on the interannual 104 pattern of Pinus pinaster seed production and seed rain. To meet this objective, seed rain was 105 monitored for four different levels of stand density at the experimental site of Cuéllar, central 106 Spain, during a ten-year period. The climatic variables thought to affect the physiological 107
phases of cone ripening were tested in a generalized linear mixed-effects model. Our 108 hypotheses were that (1) the interannual seed production and seed rain pattern is climate-109 mediated; (2) stand density has a positive effect on the overall amount of dispersed seeds; (3) 110 seed limitations can be found after clearcuttings and extreme climate conditions. We expect 111 that the findings derived from this study will contribute to our understanding of the impact of 112 climate on seed production and seed rain for different levels of density. In turn, this will help 113 define the most appropriate forest management strategy for ensuring natural regeneration in 114 this type of forest. 115
116

MATERIALS AND METHODS 117
STUDY AREA AND MONITORING PROCEDURES 118
The experiment was carried out in a natural Pinus pinaster stand at the long-term 119 experimental site of Mata de Cuéllar, Segovia, central Spain (41º 22'N, 4º 29' W, see Figure  120 1). The site is located in a flat, sandy region characterized by a semi-arid Mediterranean 121 climate, with a strong summer drought and a period of potential frost of at least three months. Silviculture in the area is traditionally based on natural regeneration following a seed-tree 128 system adapted to resin production, leading to low stand densities. 129
The experimental site consisted of ten 70 x 70 m plots that were established in 2004 for an 130 integrated analysis of maritime pine regeneration. Four treatments were tested in a split-plot 131 design: control and 3 harvest intensities (25%, 50% and 100% reduction of initial basal area) 132 (Table 1) , where one plot corresponded to the control and the harvest intensities were 133 replicated three times. The average basal area of the plots before harvest was 17.4 m2 ha-1. In 134 each plot, nine seed traps (1m x 1m) were located following a systematic design (Figure 1 analyse the effects of summer drought on the reproduction of other Mediterranean species 168 (Espelta et al. 2011 (Espelta et al. , 2008 and maritime pine seed predation (Ruano et al. 2015) . 
org). 179
In addition to climate drivers, seed production and seed rain are likely affected by stand 180 density in the close vicinity of the traps. It can reasonably be expected that higher stand 181 density around a particular trap would lead to a greater number of seeds. A spatial explicit 182 index similar to competition index in growth modeling (Weiskittel et al. 2011 ) was defined to 183 account for this tree density-distance effect. For the sake of clarity, we will refer to this index 184 as the seed-source index. 185
The seed-source index was calculated for each seed trap as the sum of the inverse distances 186 between the seed trap and all potential seed sources. Trees within a 20-m distance from each 187 seed trap were considered as seed sources. We chose this distance in the light of the estimated 188 dispersal distance of Pinus pinaster for the Castilian Plateau in the existing literature (Juez et 189 al. 2014) . given the experimental design and the permanent plots, it could be reasonably expected that 194 the observations from the same trap, plot and year were not independent. The mixed-model 195 approach is one method among others that makes it possible to address this issue of dependent 196 observations through the specification of random effects. Random effects are actually error 197 terms that account for some unobserved explanatory variables at the trap, plot and year level 198 (Gregoire 1987) . The mixed-model approach has been widely used in forestry (e. g. Calama 199 and Montero 2007; Collet et al. 2001; Manso et al. 2013) . 
where SSI: is the seed-source index; Tmin Oct : minimum temperature in October two years 241 before dispersal; P Apr : April precipitation one year before dispersal; P OctNov : October and 242
November precipitation one year before dispersal (Table 2) . Maximum likelihood estimates 243 and their standard errors are shown in Table 3 . 244 245 (Insert Table 2 The predicted seed density for the 50%-harvest intensity (22 seeds/m 2 ) was twice that of the 265 clearcutting treatment (11 seeds/m 2 ). Predicted seed densities in 25%-harvest intensity and in 266 the control were around 30 seeds/m 2 , which was three times larger than those predicted in the 267 clearcutting treatment (Figure 3 ). There were no significant differences between the 25%-268 harvest intensity and the control (Figure 2 Moreover plots are very close in some cases or some seed traps are too close to trees outside 286 the plots, affecting the correct identification of the seed source. 287
We can confirm our first hypothesis of a climate-mediated interannual seed production 288 pattern. Specifically all considered explanatory variables were exclusively related to cone 289 growth and maturation. Rodríguez Soalleiro et al. (2008) 
asserted that flowering in Pinus 290
pinaster is affected by light, temperature, precipitation and drought. We tested the effect of 291 precipitation, wind velocity or frosts as potential surrogates but none of them were found to 292 be significant in our analysis. Similarly, we did not find any association between climatic 293 variables and seed rain. Apparently, high temperatures may favour cone opening (Nathan et 294 al., 1999; Tapias et al., 2001 ) although this may refer serotinous species and the local 295 provenance of this study is weakly serotinous. Serotinity in Mediterranean ecosystems can be 296 a key question for seed dispersal pattern. Some Mediterranean species are adapted to fire 297 ensuring regeneration after it. This is the case of serotinous cones, which are able to hold 298 mature seeds for dispersal after fire forming a long-term canopy seed bank (Daskalakou and 299 Thanos 1996; Tapias et al. 2001) . Moreover during this period, when mature seeds are in the 300 cones before seed release, predation could affect seed availability. In this case Pinus pinaster 301 can be serotinous or non-serotinous because there is a high intraspecific variability (Tapias et 302 al. 2004) . Castilian Plateau provenance is considered as weakly serotinous (Tapias et al. 2004 (Tapias et al. , 303 2001 ). In addition, no fire occurred in our experimental site, at least during the last 10 years. 304
In this respect, its serotiny is not expected to have played a significant role during the study 305
period. 306
The positive effect of precipitation during the period of secondary cone growth points out that 307 water stress is a limiting factor for seed production in Pinus pinaster in the Castilian Plateau. Spain. The different regional models used in that study agree on an increase of the minimum, 315 maximum and mean temperatures throughout the country. In contrast, predictions on 316 precipitation trends are not as consistent. Nevertheless, a slight reduction of precipitation in 317 the western half of the Iberian Peninsula and a slight increase in the eastern half is expected 318 (Brunet et al. 2009 ). As it applies to our case, mean temperature in autumn is expected to 319 increase between 2ºC and 6ºC while precipitation in spring may decrease between 20 and 50 320 mm. As a result of both effects, seed rain could be strongly reduced. However, this reduction 321 effect might be partly compensated for by the effect of precipitation in autumn, which is 322 expected to decrease by 40 mm. In the light of these predictions, it is clearly necessary to 323 further analyse the effect of climate change on seed dispersal process. 324
Our findings are based on the response of seed rain to current climatic normals. For example, 325 autumn conditions are informative of Pinus pinaster seed rain because there are key 326 physiological processes that usually take place in that season. However, climatic forecasts for 327 the Mediterranean region in the next years could change the behavior of the species, bringing 328 forward or delaying processes as mega-and micro-sporangia production or cone maturation. 329
In fact, evidences of changes in species ranges has already been observed (Thuiller et al. 330 2008) . In the case of coming with climate change predictions significant climatic variables 331 obtained in the present work could change because species phenology could change too, so it 332 would be necessary to review species biology. 333 D r a f t Our results also confirm our second hypothesis, since stand density is one of the main drivers 334 for seed production and seed rain. On the other hand, low stand density in a given area may 335 result in local seed limitation. For example, Lucas-Borja et al. (2012) observed an increasing 336 number of collected seeds along with stand density in a Pinus nigra forest in Central Spain. 337
On the other hand, higher stand density may lead to an overall decrease in the number of 338 dispersed seed due to competition. This is the case of Pinus pinea stands located in the 339
Castilian Plateau (Calama et al. 2011; Manso et al. 2014) . Our results confirm these trends: as 340 stand density increases as measured through the seed-source index, the marginal gain in seed 341 density decreases. If a denser stand had been available in our study, a seed density decrease 342 with respect to the control plot might have been found. In any case our index, assessed 343 similarly to classic competition indexes, has worked well for predicting seed availability. 344
In the light of the aforementioned findings, a critical question remains unanswered: when 345 considering the temporal dimension, can seed production and seed rain be a bottleneck for 346 natural regeneration of Pinus pinaster in the Castilian Plateau? According to Matney and 347 Hodges (1991) a recruit density of 2000 seedlings/ha is the minimum requirement for 348 successful natural regeneration However, a density of between 1000 and 1500 viable trees/ha 349 may be considered satisfactory in stands with abiotic stress (Rodríguez-García et al. 2010) . intensity and summer water regimes on germination and seedling survival during 18 months. 360
They observed percentages of germination around 40% for clearcut, control and 50% harvest 361 intensity plot and around 60% for 25% harvest intensity plot. Furthermore, they found 362 percentages of seedling survival around 13% for clear cut plot, around 25% for control and 363 50% harvest intensity plots and around 45% for 25% harvest intensity plot. 364
Taking into account these percentages, it is possible to obtain a rough estimate of the required 365 seed rain to reach the threshold of 2000 seedlings/ha for successful establishment. Seed 366 densities of around 5 seeds/m 2 for 25% harvest intensity plots, around 9 seeds/m 2 for control 367 plots, around 18 seeds/m 2 for clearcut plots and around 25 seeds/m 2 for 50% harvest intensity 368 plots would be necessary to ensure a successful regeneration. According to our results, current 369 seed rain could be enough in the control and 25% harvest intensity, even if less favourable 370 climatic conditions occurred. However, natural regeneration may fail in the other cases. Mean 371 predicted seed rain in 50% harvest intensity plots was around 23 seeds/m 2 , becoming 372 progressively lower under more extreme climatic events. When clearcutting is carried out, 373 seed rain does not seem abundant enough regardless of the climatic conditions. In this case, 374 the estimated density of established recruits is lower than 1200 seedlings/ha for a seed rain 375 density of 10 seeds/m 2 . 376
In terms of forest management, the present study can support decision making related to 377
Pinus pinaster natural regeneration. Whether seed production and seed rain is a bottleneck for 378 natural regeneration is clearly related to harvest intensities, which validates our third 379 hypothesis. Because interannual pattern of seed production is climate dependent, good 380 conditions may eventually compensate for harvest intensities while harsh conditions will 381 inevitably lead to regeneration failure. This is the case of the 50%-harvesting operation, 382 D r a f t 18 which is a widely-applied silvicultural practice in the study area. Therefore forest 383 management should reduce harvest intensities in this area to assure natural regeneration. 384
Our knowledge on the impact of climate may help anticipate restoration treatments in order to 385 alleviate these constraints. For example, a positive effect of scarification on seedling 386 emergence has been reported for temperate and continental pine forests (Boucher et al. 2007 ; 387 Karlsson and Nilsson 2005; Nilsson et al. 2006) and in the Mediterranean area (Prévosto and 388 Ripert 2008) . In fact, scarification is usually recommended in the event of insufficient natural 389 regeneration in Pinus pinaster stands (Rodríguez Soalleiro et al. 2008) . Given that seed 390 dispersal takes place in summer and that our model can predict seed rain several months in 391 advance, scarification can be prescribed during the winter prior to dispersal if need be. This 392 way, it could be possible to improve the seedling emergence after a year of higher seed rain 393 carrying out a soil scarification the previous winter. 394
The main interest of this work was to analyse the impact of climatic factors on the between-395 years pattern of seed production and seed rain. Although the spatial dimension has been taken 396 into account, our approach presents some limitations in this respect. Commonly, tree-related 397 variables such as diameter at breast height, crown size or height are used as a proxy of 398 individual tree fecundity (de-Lucas et al. 2008; González-Martínez et al. 2006) . 399
Unfortunately, we could not consider any of these variables when assessing our seed-source 400 index because we did not have enough measurements. Nevertheless, the proposed index 401 provides, at least, consistent and unbiased inference on the effect of local stand density on 402 seed rain. 403
Pinus pinaster plantations were established in the southern hemisphere (mainly in South 404
Africa and Australia) where it can escape from plantations and spread into native ecosystems 405 (Rouget et al., 2004) . It is for this reason that Pinus pinaster has been considered one of the 406 world's worst invasive tree species (Lowe et al. 2004) . It would be necessary to repeat this 407 D r a f t type of experiments to generalize our results outside or even inside its natural range due to 408
Pinus pinaster high variability in terms of ecotypes, plasticity and habitat conditions. 409
CONSEQUENCES FOR MANAGEMENT 410
In the present study, we have analyzed the effect of climate on the interannual pattern of 411
Pinus pinaster seed production and seed rain in the Castilian Plateau. The impact of climate 412 over the entire seed production process has been studied, from flowering to seed release. 413
Temperature seems to control primary cone growth, while absence of precipitation limits 414 secondary growth. Contrastingly, precipitation appears to hinder final cone ripening. 415
Interestingly, any climatic variable was apparently related to flowering or seed rain process. 416
Currently seed production and seed rain seem to be a bottleneck for natural regeneration of 417
Pinus pinaster under intensive harvest intensities. Our results suggest that seed-limitation 418 problems may arise with the 50% harvest intensity under extreme climatic scenarios, 419 specifically with lower precipitation during spring and autumn. Moreover seed rain may not 420 be enough to obtain a successful regeneration when clearcuttings are conducted. Therefore 421 harvest intensity recommendations need to be revised, or at least, a homogeneous spatial 422 distribution of the trees should be promoted. 423
In addition, it could be possible to improve natural regeneration success carrying out 424 silvicultural treatments. According our results scarification could be applied to take advantage 425 of summers with higher seed rain. 
